Objective: To combine circulating tumor cell (CTC) isolation by filtration and immunohistochemistry to investigate the presence of CTCs in low, intermediate, and high-risk prostate cancer (PCa). CTCs isolated from these risk groups stained positive for both cytokeratin and androgen receptors, but negative for CD45.
Introduction
The description of tumor cells in the blood circulation by Thomas Ashworth [1] , ushered a promising field in cancer research where neoplastic cells are isolated then characterized for prognostic and therapeutic design purposes. However, the field of circulating tumor cell (CTC) research has been challenged by the rarity of CTCs in circulation (numbers as low as 1 CTC in every 1 million blood cells have been proposed) [2] , the presence of multiple CTC subpopulations in the same patients with cancer [3] , the short life span of CTCs in bloodstream and adaptations of CTCs to circulation [4] , which leads to loss of unique attributes observed in the parent tumor [3, 5, 6] .
Despite these challenges, many techniques have evolved for the isolation of CTCs based on their physical and immunological properties, with varying results. The sizebased filtration technique was chosen for this study owing to its ability to isolate CTCs without the need for antibody detection [3, 4, [7] [8] [9] . The filtration technique preserves the CTC morphology and maintains the presence of CTC clusters. The ScreenCell filters [4] , used in this study, are adapted for key biochemical analysis such as FISH, immunohistochemistry, cell culture, PCR, and three-dimensional (3D) imaging [3] .
Prostate cancer (PCa) is the most common solid neoplasm in men in western countries with a high incidence rate of 24% of all new cancer cases and 10% of all cancer deaths in Canada according to the Canadian Cancer Society [10] . Inaccurate clinical staging of PCa leads to avoidable surgical intervention with associated complications in some patients. Data from CTC research present an opportunity to potentially improve diagnosis, prognosis, and the overall management of PCa. This study documents an effective PCa CTC isolation technique coupled with staining for androgen receptor (AR); cytokeratin 8, 18, and 19; CD45 negativity; and nuclear DNA with 4', 6-diamindino-2 phenylindole (DAPI) to enable subsequent analyses of verified PCa CTCs.
Materials and methods

Patients
Overall, 41 patients with biopsy confirmed PCa were included in this study. Further, 5 low-risk patients, 34 intermediate-risk patients, 3 high risk, and 3 female control blood samples from patients with no medical history of cancer (Table) . The patients were risk classified according to the D'Amico classification for survival, which makes use of the clinical staging (TNM), Gleason score of biopsy, prostate specific antigen, and age of the patient [11] . The Research Ethics Board on human studies at University of Manitoba approved the study with ethics reference number HS14085 (H2011: 336). Blood samples analyzed were obtained from patients before surgery. During analysis of the samples, clinical data were blinded to eliminate potential bias.
Filter device
ScreenCell filtration, a size-based enrichment technique with European CE mark and Health Canada approval (License no. 7044), was used to isolate PCa CTCs from the blood of patients with PCa. It consists of a filter membrane attached to a metal ring placed between a filtration reservoir and a removable nozzle holder (ScreenCell). The filter membrane contains pores with diameter of 7.5 Ϯ 0.36 μm that are randomly distributed throughout the membrane (1 Â 10 5 pores/cm 2 ). Overall, 4 ml of ScreenCell buffer (ScreenCell) are incubated at room temperature with 3 ml of blood for 8 minutes. The ScreenCell buffer added to the blood sample lyses the red blood cells, prefixes all nucleated cells present in the sample while preserving their architecture and enabling their fixation onto the filter membrane of the device. Thereafter, this mix is passed through the microporous membrane filter, the process of filtration takes less than 5 minutes. Desitter et al. [4] validated this technique by filtration of CTC-spiked cells and this resulted in an average CTC recovery rate of 91.2%. Biochemical processing of the CTCs such as immunohistochemistry, DNA staining, or FISH can be subsequently done on the filters.
Immunohistochemistry with cytokeratin and androgen receptor antibodies
Cytokeratin staining of CTCs
CTCs on the filter are fixed with 3.7% formaldehyde/ 1Â phosphate buffered saline (PBS) for 10 minutes, washed 3 times 3 minutes each with 50 mM MgCl 2 /1xPBS, and blocked with 50 ml of fetal bovine serum for 30 minutes. The filters are then incubated for 45 minutes at 371C in a humidified chamber after adding 50 ml of 5 mg/ml cytokeratin 8, 18, and 19 (Abcam Inc., Toronto, Ontario, Canada). The filters are washed, blocked, and 50 ml of Goat antimouse IgG-Alexa 488 (1 mg/ml) (Life Technologies Inc., Burlington, ON, Cat #A11029, Lot/Batch 44094A) are added to incubate for 45 minutes. The filter placed onto microscope slides, covered with cover slips after a coat with Vectashield (Vector Laboratories, Burlington, Ontario, Canada) reagent to minimize photo bleaching.
Combined androgen receptor and CD45 staining of CTCs
Captured cells on the ScreenCell filters are incubated at room temperature with 3.7% formaldehyde/1Â phosphate buffered saline (PBS) for 10 minutes, washed 3 times 3 minutes each with 50 mM MgCl 2 . Permeabilized with 0.1% Triton X-100 (in ddH 2 O) for 12 minutes no shaking, washed 3 times 3 minutes each with 50 mM MgCl 2 /1xPBS. The filters were incubated for 45 minutes at 371C in a humidified chamber after 25 ml of AR antibody (441): sc-7305 (Santa Cruz Biotechnologies Inc., Dallas, TX) conjugated with Alexa Fluor 488 at 4 mg/ml and 25 ml of rat antihuman CD45 (Clone YAML501.4; Ref: MA5-17687; Thermo Fisher: 3747 N. Meridian Road Rockford, IL 61105 USA) were applied to the cells on the filter. The filters with the cells go through 3 washes 3 minutes each, and are then mounted on slides. Vectashield (Vector Laboratories, Burlington, ON, Canada) with DAPI was applied on them to stain the nuclear DNA.
Three-dimensional image acquisition
Images are acquired using a Zeiss AxioImager Z2 microscope (Carl Zeiss Ltd., Toronto, ON), equipped with AxioCam HR B&W camera and 63Â/1.4 oil objective. Thirty 3D interphase nuclei of captured PCa CTCs were imaged and deconvolved for analysis (Fig. 1A) . Deconvolution of the images was performed with a constrained iterative algorithm [12] . The reconstructed 3D images were then exported as tif files into TeloView (3D Signatures Inc., Winnipeg, MB, Canada) program for analysis [12] . 
TeloView enabled 3D image analyses and statistical considerations
The TeloView program (3D Signatures Inc., Winnipeg, MB, Canada) is used in this study to analyze the nuclear volume of the CTCs. In this study, it was used to measure the nuclear volumes of each CTC [12] [13] [14] . These nuclear volumes are subsequently used to calculate the size of the CTCs (Table) .
Results
Prostate CTC nuclear size
Prostate cancer displays different subpopulations of cancer cells present in the same patient [3] . The average size of isolated PCa CTCs may depend on the size of the predominant subpopulation of CTCs isolated at the time point when the blood sample was obtained.
After 3D image acquisition of the isolated PCa CTCs, Teloview software is used to measure the average nuclear volume and nuclear diameter using 30 CTCs from each sample. The 3D imaging of the isolated cells on the filter membrane after staining of their nuclear DNA with DAPI revealed CTC average nuclear diameter greater than the average lymphocyte diameter of 7.3 μm [12] . The Table shows the average nuclear volume and average nuclear diameter (AND) of CTCs isolated from patients with PCa. The average nuclear volume range is from 392 to 1969 mm 3 whereas the AND range is from 9.1 to 15.6 mm. The nuclear sizes are quite variable and suggest that CTC PCa nuclear size does not correlate with risk classification. However, a box-and-whisker plot to study change in CTC size after surgery in comparison with the before surgery reveals no significant change in size ( Supplementary Fig. 1 ).
It has been well established that tumor cells have a high nuclear/cytoplasmic ratio [13] . This fact was confirmed in the isolated PCa CTCs after 3D imaging and analysis. Fig. 2A and B shows a 3D cross-sectional image of a PCa CTC with a cytokeratin stained CTC membrane and DAPI counterstained nuclear DNA. The CTC membrane diameter measures approximately 14 μm in diameter and the nucleus is approximately 12 μm in diameter. The high nuclear/ cytoplasmic ratio can be easily appreciated, as there is only 2 μm of cytoplasm ( Fig. 2A and B) .
The smallest AND of PCa CTCs measured in the study is 9.4 μm (Table) . The size of the PCa CTCs makes it easy for the CTCs to be captured and prevents them from being filtered through the pores of the ScreenCell filter.
This conclusion is valid for low-risk patients (i.e., MB239) with an average nuclear diameter of 10.8 μm and 11.81 μm comparable with favorable intermediate-risk patients (i.e., MB228) with 10.7 μm average nuclear diameter (Table) . The average nuclear diameters of the samples analyzed generally do not correspond with PCa risk stratification (Table) . However, blood samples from female controls were passed through the filter device with no PCa CTC found (Fig. 3) .
Flow throughs from blood samples passed postfiltration contain debris from red blood cell lysis, lymphocytes, and some CTCs small enough to pass through the filter pores.
Immunohistochemistry identifies cytokeratin and androgen-positive CTCs in all risk group patients with PCa
CTCs were isolated from all risk group patients by the morphology-based filtration technique used in this study that is highly sensitive and allows for the isolation of PCa CTCs in patients with low-and intermediate-risk disease [4, 14] . In addition, some lymphocytes are captured that fall in between the randomly distributed 10 5 pores on the 8 mm diameter filter and serve as internal, patient-specific controls [4] (Fig. 2) .
Cytokeratin 8, 18, and 19 staining
PCa is an epithelial tumor, the CTCs that are dispersed into the blood stream from primary and secondary sites of PCa express cytokeratins. The isolated CTCs were, therefore, stained for cytokeratins 8, 18, and 19 (Fig. 1B) . CTCs from all-risk patient groups stained positive for cytokeratin 8, 18, and 19. The positive immunohistochemical staining of the isolated CTCs of patients with low-, intermediate-, and high-risk disease confirms their epithelial origin. The 2D image acquisitions of the filters display the nuclei of the captured cells in blue and positive cytokeratin immunostained is depicted in green (Fig. 1B) . Fig. 2C shows a single PCa CTC (sits on a circular filter pore) stained green with antibodies to cytokeratin 8, 18, and 19 on the cell membrane. Unstained lymphocytes serve as internal controls (Fig. 2) . As shown in Fig. 1B , the cytokeratin stain is mainly on the cell membrane surrounding the nucleus. One of the advantages of ScreenCell filtration is the preservation of morphology and clusters of CTCs, and these structures are appreciated observed after immunohistochemistry (Fig. 1D) . The nuclear DNA of the cells is shown as DAPI stain (blue) in the images. The staining of CTCs with cytokeratin was not uniform owing to the epithelial mesenchymal transformation. Some PCa CTCs stained in just patches, whereas others stained more uniformly after immunohistochemistry.
Androgen receptor
The expression of AR by isolated PCa CTCs was assessed by immunohistochemistry. Fig. 1C show CTC isolated from a patient with low-risk disease MB0221PR stained with AR antibody conjugated with Alexa Fluor 488. This further confirms the presence of CTCs in early PCa stages. Unlike cytokeratin stain shown earlier that is mainly a membrane stain, AR stains both the intracytoplasmic region and the cell membrane. Fig. 4 shows CTC from patient with high-risk disease MB0496PR, an example of nuclear DNA engulfed by AR stains in the cytoplasm of CTC (Figs. 1C, 2, 4, and 5) .
CTCs from all stages of PCa were stained for AR, the expression of AR on the isolated CTCs was found to be heterogeneous. Figure 5 shows 4 morphologically identified PCa CTCs from patients with high-risk disease MB0294 with average diameter of 30 μm and a lymphocyte (pointed out by red arrow). Two of the CTCs were stained for AR, whereas the other 2 CTCs, and the lymphocytes have negative stain for AR. This finding corresponds with the hypothesis of heterogeneous AR expression PCa as the cancer stage increase [15] .
Combined CD45 and AR staining
CD45 antigen is expressed in all hematopoietic cells except mature red blood cells. Combined AR and CD45 staining was done to identify captured PCa CTCs among hematopoietic cells (Fig. 6 ) in flow-through cells after filtration. The cells in the flow through are mainly leukocytes that consist of the neutrophils with multilobulated nuclei and lymphocytes both of which stain positive for CD45 antigen and negative for AR. Fig. 6 shows a CD45
This depicts an example of CTCs smaller than average size of CTCs being able to go through the pores of the filter. Fig. 7 shows the staining of a captured CTC on a filter with pores around it, FITC labeled (green) AR labeled stained positive (Fig. 7A) , whereas Cy3 labeled CD45 stained negative on the captured PCa CTC.
Discussion
The combination of filter-based CTC isolation technique with immunohistochemical staining and 3D imaging followed by analysis of nuclear architecture has indeed presented an opportunity to characterize PCa CTCs in all stages of tumor aggression. This suggests the presence of CTCs is not pathognomonic of advanced or metastatic cancer with poor prognosis and that CTCs can be identified in early-disease states that often have excellent prognosis [16] [17] [18] [19] . Our findings support and expand on previous findings in the field. For example, using a microfluidic device, Stott et al. (2010) had described the isolation of CTCs in 16 patients with PCa with localized disease (Gleason score 6 and 7) as well as in 4 patients with highrisk disease (Gleason score 8 and 9) before any medical intervention and after surgery. In a similar manner, Kolostova et al. (2014) found CTCs in localized PCa using MetaCell, a filtration device different from that used in our study (pore size: 8 μm). The authors reported that 52% of the enrolled patients with localized disease exhibited CTCs. The discrepancy of these numbers with the ones reported by Stott et al. (2010) and in our study is unknown, but may be dependent on the patient cohort or the pore sizes or both of MetaCell and the microfluidics tool used by Stott et al. However, Lin (2010) made use of a model microdevice filter and obtained a recovery rate of 92%, which is similar to the ScreenCell filter recovery rate [20] .
CTCs dispersed into blood circulation from primary and secondary PCa sites undergo epithelial to mesenchymal transition [21] . This transition can cause down-regulation of antibodies such as EPCAM that are expressed in epithelial tumors. Low-EPCAM or non-EPCAM are not captured by antibody dependent enrichment methods and may result in an incomplete analysis. Most, if not all of these CTC subpopulation groups are captured with the ScreenCell filter. A potential drawback to a size-based filtration techniques is "over collection" owing to other blood cells that may remain on the filter. Debris from lyzed red blood cells fall through the filter pores. The filters, sometimes, capture lymphocytes when they fall between pores, the average size of lymphocytes have been estimated to 7.02 mm, range: 5.81 to 8.14 mm measured by colter counter and 6.05 mm measured by flow cytometer, range: 4.92 to 7.25 mm, both measurements of 11,000 to 70,000 cells from 3 donors [12] . The captured lymphocytes are easily differentiated from PCa CTCs, because the nuclei of the lymphocytes are dense and are approximately the size of the filter pores (7.5 mm) unlike CTC nuclei, which are larger (9.1-15.6 mm) [22] . Moreover, the lymphocytes are CD45þ, whereas the CTCs captured did not show this marker.
This article gives insights into the opportunity to further characterize CTCs of patients with PCa at the early (and later) stages of cancer development in a sequential manner without the need for multiple biopsies. Owing to the nature of CTCs being "liquid biopsies", they can be obtained more frequently and represent the tumor tissue more precisely than prostate core biopsies.
Conclusion
The isolation of CTCs from patients with PCa independent of risk groups and stages or forms of management of PCa provides a viable platform for the study of CTCs in PCa. We have shown that analysis and characterization of PCa CTCs in all risk groups can be achieved with CTCs captured on filters.
